Sempervivum tectorum L. and Corylus avellana L. are traditional herbal remedies exhibiting antioxidant activity and representing diverse phenolic composition. The aim of this study was to reveal the contribution of certain compounds to total radical scavenging activity by studying S. tectorum and C. avellana extracts prepared with solvents of different selectivity for diverse classes of phenolics. Antioxidant activity of S. tectorum and C. avellana samples was determined in the ABTS and DPPH radical scavenging assays, and phenolic composition was evaluated by high-performance liquid chromatography/electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS). Correlations between antioxidant activity and phenolic content of houseleek extracts have been revealed. Significant differences regarding antioxidant activity have been shown between S. tectorum 80% (v/v) methanol extract and its fractions. Additionally, synergism among the constituents present together in the whole extract was assumed. Significantly higher radical scavenging activity of hazel extracts has been attributed to the differences in phenolic composition compared with houseleek extracts.
Crushed leaves and leaf juice of Sempervivum tectorum L. (common houseleek, Crassulaceae) have been used in traditional folk medicine for ear inflammations, warts, ulcers, skin rash and corns [1] [2] [3] . Leaves and young sprouts have been consumed as a salad [4] , while leaves allowed to infuse for a while in cold water resulted in a cooling drink which was used particularly for fever [5] . Lyophilized leaf juice of houseleek has scavenger activity and inhibits lipid peroxidation [6] [7] [8] .
Corylus avellana L. (common hazel, Betulaceae) is a widely distributed shrub native to Europe and western Asia. Common hazel is cultivated for its kernels, mostly utilised by the confectionary industry, while the leaves have been used in traditional medicine for varicose veins and haemorrhoidal symptoms [9] . Extracts of C. avellana leaves have exhibited antioxidant activity in several total antioxidant activity (TAA) and free radical scavenging activity tests [10] .
Phenolics are present in plant material in various forms and combinations resulting in antioxidant interaction which affects the overall antioxidant properties of the given plant sample. In recent years, besides evaluating the antioxidant activity of a single plant component, numerous studies regarding antioxidant properties of model systems containing two or more antioxidant compounds [11] [12] [13] [14] , combinations of plant extracts with a single phytochemical [15] [16] and mixtures of different plant extracts [17] have been published. These surveys have shown that interactions among antioxidants present in plant material, e.g. plant phenolics, can be synergistic, antagonistic and additive. Revealing the contribution of single plant components to total antioxidant activity and conceiving interactions between them allows the creation of new antioxidant mixtures for food technological as well as for medical uses.
The aim of this study was to evaluate radical scavenging activity of S. tectorum and C. avellana extracts prepared with solvents of different polarity, as well as to reveal the contribution of certain compounds to total antioxidant activity by studying phytochemical composition of the extracts with the highest scavenging effects. Our second goal was to evaluate interactions between the investigated plant phenolics. Therefore, S. tectorum 80% (v/v) methanol extract was fractionated and antioxidant activity of the fractions was determined and compared with that of the whole extract.
Phenolics are present in raw plant material in various forms, mainly as glycosides. Plant phenolics act as antioxidants by scavenging free radicals, chelating metals and quenching singlet oxygen [18] [19] . The number of sugar moieties in O-glycosides modifies the antioxidant activity either by influencing the number of free functional phenolic groups or by altering hydrophobicity of the molecules [20] . Besides substitution of free hydroxyl groups, scavenging activity of plant phenolics depends on the presence of other antioxidants [21] .
Antioxidant activity of C. avellana leaf samples prepared by successive extraction with ethyl acetate and methanol, and that of S. tectorum extracts prepared with solvents of different polarity [chloroform, acetone, ethanol, 70% (v/v) ethanol, methanol, 80% (v/v) methanol, water and leaf juice] was determined. Two different in vitro tests, ABTS [2,2'-azino-bis(3ethylbenzothiazoline-6-sulfonic acid] radical-scavenging capacity and DPPH (2,2-diphenyl-1-picrilhydrazyl) radical test were used, with the former merely based on single electron transfer and the latter on hydrogen atom transfer reactions [22] . Radical scavenger activities were compared with those of reference compounds. Results are shown in Tables 1 and 2 . Antioxidant activities of S. tectorum and C. avellana extracts were higher in the assay containing ABTS radical as compared with that containing DPPH.
In addition, total polyphenol contents of S. tectorum extracts were determined (results are shown in Table 3 ). Antiradical power data were plotted as IC 50 -1 (mL/μg) against total polyphenol contents and Student's t-test was applied to evaluate correlation between the variables. The correlation of total polyphenol content and radical scavenging activity was considered as highly significant for the assays containing DPPH as well as ABTS radicals. Regression coefficient, p-value and linear regression equation were as follows: r 2 =0.9668, p<0.005, y=0.001x-0.0037, and r 2 =0.6929, p<0.005, y=0.0016x+0.0053 for DPPH and ABTS, respectively. Houseleek ethanol extract 12.9 ± 1.4 21.2 ± 1.9
Houseleek 80% (v/v) methanol extract 14.6 ± 0.6 34.9 ± 1.8
Houseleek 70% (v/v) ethanol extract 15.3 ± 0.9 74.5 ± 3.6
Houseleek methanol extract 37.3 ± 3.1 78.6 ± 6.4
Houseleek aqueous extract 35.5 ± 1.7 159 ± 10
Houseleek acetone extract 670 ± 63 109.5 ± 9.6
Houseleek chloroform extract 176 ± 14 2073 ± 200
Houseleek leaf juice 71.4 ± 3.1 438 ± 16 Extracts prepared with solvents less selective for phenolics (e.g. chloroform and acetone) possessed the lowest antioxidant activities, while those prepared with solvents being more selective for phenolic aglycones (e.g. ethyl acetate) were more effective in the applied assays. Phenolic glycosides with a smaller number of free functional phenolic groups, thus having relatively lower scavenging activity, are soluble in polar solvents (e.g. methanol and water). Houseleek 70% (v/v) ethanol extract 19.6 ± 1.0
Houseleek methanol extract 14.1 ± 0.8
Houseleek aqueous extract 14.1 ± 0.7
Houseleek acetone extract 13.0 ± 0.7
Houseleek chloroform extract 5.0 ± 0.3
Houseleek leaf juice 4.0 ± 0.3
Antioxidant activity of fractionated S. tectorum 80% (v/v) methanol extract in DPPH scavenging assay was also determined by comparing fractions to the whole extract. Antioxidant activity for fractions 1-3 could not be detected, while fractions 4-9 exhibited a DPPH scavenging effect. Antioxidant activity (expressed as IC 50 , µg/mL) of all fractions was significantly lower as compared with the whole 80% (v/v) methanol extract; results are shown in Figure  1 . Furthermore, an estimated total radical scavenger value (expressed as IC 50 -1 , mL/µg) of all fractions was calculated and compared with that of the whole extract (results are not shown). The antioxidant activity of the extract prior to fractionation was higher as compared with the effect expected from a simple addition of the individual effects of the fractions, and, accordingly, a synergistic antioxidative effect between compounds being present in the whole extract was presumed [20] .
Several mechanisms are involved in synergism among antioxidants: a) one antioxidant is regenerated by others, b) one antioxidant is protected by another one (sacrificial oxidation) and c) antioxidants show different mechanisms of action [23] . The combination of various antioxidant phenolics being present together in the whole extract, but absent from the individual fractions may be the reason for the evaluated synergistic effect. Radical scavenging activity of hazel extracts was significantly higher compared with houseleek extracts, for ABTS as well as for DPPH. Results are shown in Fig. 2 . In our previous work [24] LC-MS/MS evaluation of C. avellana leaf extracts revealed the presence of diarylheptanoid glycosides and aglycones including hirsutenone. In addition, flavonol glycosides: kaempferol, quercetin and myricetin, principally in the form of monosides were detected. For S. tectorum 80% (v/v) methanol extract, one of those that had the highest antioxidant activities, the predominance of kaempferol glycosides of different sugar composition, the occurrence of rutin, a quercetin diglycoside, as well as the absence of diarylheptanoids was representative, as described in our previous work [25] .
In the ethanol extract aliphatic carboxylic acids (peaks 2, 6), coumaric acid derivatives (peaks 9, 10, 15), gallic acid derivatives (peaks 4, 5, 17), a myricetin hexoside (peak 15) and quercetin mono-and triglycosides (peaks 9, 11, 14) were detected, besides the flavonoids described for S. tectorum 80% (v/v) methanol extract. Table 4 . Chromatographic conditions see in text, section Liquid chromatographic-mass spectrometric conditions.
Results are shown in Fig. 3 and Table 4 . For the characterization of the compounds, UV spectral data, obtained by LC-DAD, and fragmentation patterns, given by LC-ESI-MS/MS analyses were compared with those of authentic standards and with literature data [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The nature of the sugar substitution (e.g. the number of sugar moieties) affected the ionization of the flavonol glycosides, generating differences in peak sizes between TIC and DAD chromatograms. Sugar moieties attached to flavonoid aglycones and phenolics through an O-glycosidic bond can be characterized by tandem mass spectrometry, according to the neutral losses of sugar units [36] . Difference of 162 amu indicates a hexose, that of 146 amu denotes a desoxyhexose and that of 132 amu represents a pentose, while identification of neutral losses of di-, tri-and tetrasaccharides can be achieved by adding the neutral losses of the appropriate glycan units.
In the collision-induced dissociation (CID) spectra of deprotonated flavonol glycosides, ions corresponding to the deprotonated aglycones, [Y 0 ]at m/z 285, 301 and 317 generated by the loss of sugar units, as well as the following fragment ions were observed: [Y 3 0 -H] •at m/z 284, 300 and 316 for kaempferol, quercetin and myricetin, respectively [31] . According to the results of Hvattum and Ekeberg [32] , the position of the sugar substitution affects the fragmentation of flavonol O-glycosides. Collision-induced dissociation of the deprotonated flavonoid 3-O-glycosides renders radical aglycone product ions. Product ions [Y 0 -H] •were present in mass spectra of all flavonoid compounds with high abundances, therefore, we presumed that these compounds were 3-Oglycosylated. The [Y 0 -2H]ion was observed with high abundance in the product ion spectra of compounds 9, 12, 13, 15, 16, 18, 19 and 20, thus we assumed that these compounds were glycosylated both at 3-OH and 7-OH [31] .
It was presumed that differences between S. tectorum and C. avellana extracts concerning antioxidant activity are due to their distinct chemical compositions, but quantitative data were not available to determine if differences in antioxidant activity were due to differences in concentrations of individual phenolic compounds.
Structural requirements for effective antioxidative activity of flavonoids are: a) ortho-dihydroxy (i.e. catechol) structure in the B-ring, b) C2-C3 double bond (in conjugation with the 4-oxo group), c) presence of unsubstituted 3-OH and 5-OH groups [37] [38] [39] . S. tectorum samples are characterized by the presence of kaempferol glycosides substituted with sugar moieties at the 3-O position, resulting in lower scavenging capacities, since neither the catechol group in the B-ring, nor the unsubstituted OH group at the C3 position was present. C. avellana flavonols (e.g. myricetin and quercetin) are also 3-O-glycosylated, but higher antioxidant activity may be attributed to the presence of the catechol group in the Bring. Radical scavenging activity of flavonoids may be further influenced by the glycosylation pattern, and especially the length of the saccharide chains, as the electron-donating effect from the Bring is reduced by the steric hindrance caused by long saccharide chains [40] . Flavonol compounds present in S. tectorum are glycosylated primarily by di-, tri-and even tetrasaccharides, and consequently, the antioxidant activity of S. tectorum extracts is notably lower than that of C. avellana extracts with flavonols substituted by short saccharide chains (i.e. monosaccharides). Additionally, the differences between radical scavenging activity of S. tectorum and C. avellana may be explained by the presence of diarylheptanoid glycosides and aglycones in hazel extracts [24] . A hirsutenone standard showed the highest antioxidant activity in the applied in vitro tests, thus the contribution of diarylheptanoid compounds to the antioxidant activity of hazel extracts should be taken into consideration. Nevertheless, it should be mentioned that protection of tissues from free radical oxidative damage by phenolic antioxidants present in food or medicinal plants highly depends on the bioavailability and metabolism of the antioxidants [41] .
The number of papers concerning antioxidant interactions in systems containing mixtures of plant phenolics and other antioxidants is increasing. However, antioxidant interactions between phenolics being present in the same extract are less frequently examined. Compounds belonging to different classes of phenolics have been evaluated regarding their contribution to the antioxidant effects of whole plant extracts. The DPPH and ABTS radical scavenging activity of S. tectorum and C. avellana extracts prepared with solvents of different polarity, and, therefore, having distinct phenolic constitutions, were determined. Phytochemical characterization regarding phenolic content and composition of the extracts revealed correlations between antioxidant activity and phenolic compounds present in the extracts. Significant differences between S. tectorum 80% (v/v) methanol extract and its fractions and synergism among the constituents present together in the whole extract was assumed. Our results facilitate the better understanding of antioxidant interactions among plant phenolics present in food, beverages and herbal remedies. 
Solvents and chemicals:
Methanol was obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany), chloroform, ethanol, acetone and ethyl acetate from Molar Chemicals Kft. (Budapest, Hungary), and n-hexane, acetic acid and spectroscopic grade ethanol from Reanal (Budapest, Hungary). Acetonitrile and methanol of HPLC supergradient grade were purchased from Sigma-Aldrich. LC grade water was prepared with a Millipore Direct Q5 water purification system (Bedford, MA, USA). All aqueous eluents for HPLC and LC-MS were filtered through MF-Millipore membrane filters (0.45 µm, mixed cellulose esters) (Billerica, MA, USA). Silicagel 60 (0.063-0.200 mm) was supplied by Merck (Darmstadt, Germany), Folin -Ciocalteu's phenol reagent and ABTS by Fluka Chemie GmbH (Buchs, Switzerland), sodium carbonate by Molar Chemicals, and potassium peroxodisulfate and DPPH by Sigma-Aldrich. Kaempferol, quercetin, rutin, myricitrin (myricetin-3-O-rhamnoside), hirsutenone, caffeic acid, chlorogenic acid, gallic acid, L-ascorbic acid and trolox (6-hydroxy-2,5,7,8tetramethylchromane-2-carboxylic acid) were supplied by Sigma-Aldrich.
Sample preparation:
Lyophilized, freshly powdered S. tectorum leaf samples (each 10 g) were extracted with 500 mL chloroform, acetone, ethanol, 70% (v/v) ethanol, methanol and 80% (v/v) methanol, each in a Soxhlet apparatus. Extracts were evaporated to dryness at 60°C under reduced pressure, then the residues were redissolved in 80% (v/v) HPLC grade methanol.
Houseleek extract prepared with 80% (v/v) methanol was fractionated by Silicagel 60 (0.063-0.200 mm) column chromatography. A suspension of Silicagel (100 g) with chloroform (200 mL) was prepared and used as the stationary phase; the final dimensions of the bed were: length: 315 mm, diameter: 30 mm). The sample was eluted with 100-100 mL of the eluent mixtures shown in Table 5 . The collected fractions were evaporated to dryness at 60°C under reduced pressure and redissolved in 80% (v/v) HPLC grade methanol. For the houseleek aqueous extract 5.0 g lyophilized, freshly powdered S. tectorum leaf was extracted with 500 mL hot water and allowed to infuse for 40 min. The hot extract was filtered and lyophilized. The residue was redissolved in 25% (v/v) HPLC grade methanol.
For the houseleek leaf juice the sap of the leaves was squeezed immediately after collection and dried by lyophilization. Dried sap (0.725 g) was redissolved in 45 mL 80% (v/v) methanol and centrifuged for 10 min (6000 rpm). The supernatant was evaporated to dryness at 60°C under reduced pressure and redissolved in 70% (v/v) HPLC grade methanol.
Dried and milled hazel leaves (10.0 g) were extracted with 250-250 mL of n-hexane and chloroform, followed by ethyl acetate and ultimately methanol extraction in a Soxhlet apparatus. The extracts were evaporated to dryness under reduced pressure at 50 ºC. The dried extracts were redissolved in 70% (v/v) HPLC grade methanol. Mass spectrometric analyses were performed with an Agilent 6410B triple quadrupole mass spectrometer equipped with an electrospray ionization source (ESI) (Agilent Technologies, Palo Alto, CA, USA). For the reduction of the flow rate a post-column splitter (60-40%, waste-MS) was applied. ESI conditions were as follows: temperature: 350°C, nebulizer pressure: 45 psi (N 2 ), drying gas flow rate: 9 l/min (N 2 ), fragmentor voltage: 120 V, capillary voltage: 4000 V, collision energy was changed between 8 -45 eV, according to structural differences. High purity nitrogen was used as collision gas. Full mass scan spectra were recorded in negative ionization mode over the range m/z 50 -1000 Da (1 scan/sec). The Masshunter B.01.03 software was used for data acquisition and qualitative analysis. For unambiguous identification, retention times, and UV and mass spectra were compared with literature data and with those of authentic standards, where available.
Antioxidant activity assay: Antioxidant activity of S. tectorum and C. avellana samples was determined by spectrophotometry in two in vitro decolorization assays using ABTS and DPPH, as free radicals. The methods developed by Re and co-workers [43] and improved by Arts and co-workers [44] , as well as the method described by Brand-Williams and co-workers [45] , with some modifications, were applied. Detection was carried out at absorption wavelengths characteristic of each radical: at 734 nm and at 515 nm for ABTS and for DPPH, respectively. The assays were carried out with a HITACHI U-2000 spectrophotometer (Hitachi Ltd., Tokyo, Japan).
Samples were evaluated at 5 different concentrations, in triplicate. IC 50 value (µg/mL) for each sample was determined. For comparison, solutions of trolox, ascorbic acid, gallic acid, caffeic acid, chlorogenic acid, kaempferol, quercetin, rutin, myricitrin and hirsutenone were studied with both free radicals. Results are expressed as mean values and standard deviation (SD). For S. tectorum extracts antiradical power data were plotted as IC 50 -1 values (mL/µg) against total polyphenol contents (g/100 g). In order to evaluate correlation between the variables, Student's t-test was applied. Antioxidant activity as IC 50 value (µg/mL) for fractions of S. tectorum 80% (v/v) methanol extract in DPPH scavenging assay was also determined; samples were evaluated in three parallels. Comparison between the crude extract and its fractions, as well as between hazel extracts and houseleek samples possessing the highest DPPH and ABTS scavenging effect was performed by oneway analysis of variance (ANOVA), followed by Tukey's post hoc HSD test. Differences with p<0.05 between experimental groups were considered statistically significant.
